In order to separate the HC-emissions from two-stroke engines into short-circuit losses and emissions due to incomplete combustion, Laser Induced Fluorescence (LIF) measurements were performed on the exhaust gases just outside the exhaust ports of two engines of different designs.
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INTRODUCTION
The two-stroke spark-ignition engine is a very simple and light engine concept which finds its greatest use as a portable power source where these advantages are important. However, one inherent weakness is that fresh fuel-air mixture short-circuits the cylinder directly to the exhaust system during the scavenging process. This constitutes a significant fuel consumption penalty as well as excessive emissions of unburned hydrocarbons (HC). HC-emissions from carbureted two-stroke engines are about five times as high as those of equivalent four-stroke engines due to scavenging losses of fresh fuel-air mixture [1] .
Due to environmental and fuel-economy considerations it is desirable to minimize the scavenging losses of fuel. The transfer channel geometry is of great importance as to achieve the longest possible path for the fuel to travel in the cylinder before it reaches the exhaust port. Proper flow patterns for the fresh charge are extremely important for good scavenging and charging of the cylinder [1] . To detect when during the scavenging process HC is emitted, some form of fast detector is necessary.
The conventional method for cycle-resolved measurements of HC emissions from spark ignition engines is using a fast-response flame ionization detector (Fast-FID). This detector is fast enough to resolve the engine cycle at low engine speed but has a response time of more than 4 ms [2] . This response time corresponds to 34 crank angle degrees (CAD) at 9000 rpm. As the working speed of handheld two-stroke engines is very high (9000-20000 rpm) this method can hardly be used to accurately measure what happens during different phases of the engine cycle.
Investigations of engine behavior have been carried out with increasing success during the last decade using different laser techniques. Some of the advantages of laser measuring techniques are their ability to offer high spatial and temporal resolution, in combination with a favorable non-intrusiveness. The Laser-Induced Fluorescence (LIF) technique e.g. offers a great potential for measurements of species concentrations without disturbing the gas flow as would a probe. LIF is based on absorption of laser radiation by a species followed by spontaneous emission of light. The emitted spectrum is characteristic for the fluorescing molecule. If short laser pulses are used it is possible to make instantaneous concentration measurements of emissions in the exhaust gases during the engine working cycle [3] .
The aim of the present experiment was to investigate the composition of exhaust gases from small, carbureted two-stroke engines. Quantitative measurements were not attempted. To get quantitative results a thorough calibration procedure must be made, taking quenching and temperature effects into account. The scavenging losses were to be separated from other emissions by means of crank angle resolved LIF measurements just outside the exhaust port.
Two measuring strategies were followed. To visualize the overall abundance of HC emissions during different phases of the engine cycle, imaging measurements were carried out outside the exhaust port at different crank angle degrees (CAD). The fluorescence signal could thus be evaluated and resolved over the engine cycle. Spectral measurements were also carried out, allowing crank angle resolved analysis of the composition of the emissions.
EXPERIMENTAL APPARATUS
ENGINE -The engine was a 60 cc carbureted two-stroke engine run with two different cylinders. The difference between the cylinders was the design of the transfer channels. One had cup-handle transfer channels, the other one had channels of finger-type, see figure 1. The engine was run with wide open throttle at 9000 rpm. To enable optical access, the silencer was removed. This has an impact on the in-cylinder gas dynamics. The engine type studied does, however, not use a tuned exhaust system. According to the engine manufacturer this reduces the effect of exhaust system on gas exchange.
LIF SETUP -The setup was built up around the engine which had a crank angle encoder attached to the crank shaft. A pulsed laser and a CCD detection system was triggered at the desired crank-angle by means of the encoder and a pulse counter. The laser beam thus intersected the flow of emissions just outside the exhaust port and the fluorescence signal hereby achieved was collected by the CCD system. Laser -A tunable KrF excimer laser was used (Lambda Physik EMG 150 MSC) with a maximum pulse energy of 250 mJ at 248 nm and a pulse duration of 17 ns The emitted beam had a rectangular cross section (5 mm × 15 mm). During the imaging measurements the thickness of the laser sheet was decreased by means of a cylindrical quartz lens from 5 mm to 250 µm, as to increase the signal intensity and to decrease the depth of the imaged plane (i.e. increasing the spatial resolution).
Detector -The fluorescence signal was detected with an image intensified CCD camera (ICCD 576S/RB-T from Princeton Instruments). It consist of an image intensifier and a CCD chip. By gating the photo cathode voltage of the image intensifier, temporal resolution down to 5 ns is feasible.
FUEL -To simplify the data analysis it was desirable to minimize the number of species occurring in the exhaust gases. Since gasoline contains a variety of hydrocarbons, a simpler fuel containing fewer molecular species had to be used. Isooctane has a number of features in common with gasoline and was decided to be a suitable replacement.
Dopant -To be able to monitor the emission of unburned fuel a fluorescing dopant must be added to the isooctane, which does not fluoresce in itself [4] . Important features of the dopant are vaporization characteristics [5] and solubility in the fuel [5, 6] . Examples of dopants that have been used are acetaldehyde [7, 8] , acetone [8] and biacety [9, 10] . The vaporization characteristics are described by the dependence of the vapor pressure on temperature. Both acetaldehyde and acetone have excessive differences in vaporization characteristics compared with isooctane [11] . Also biacetyl differs differs from isooctane in this respect [4] . There is, however, an almost perfect correspondence between the isooctane and 3-pentanone vaporization characteristics [4] . An added amount of 3-pentanone will thus be likely to follow the isooctane during the scavenging process. During the last years there have been LIF applications using 3-pentanone as a dopant [4, 12, 13] . The absorption spectrum of 3-pentanone is ranging from 220 to 320 nm with a maximum at 280 nm [14] . As can be seen in figure 2, 3-pentanone (diethyl ketone) has an emission spectrum between 330 and 600 nm, with a peak at 430 nm.
Lubrication oil -Due to the simple construction of this engine-type, engine lubricant must be added to the fuel. After some investigations an oil was found that fluoresces between 300 nm and 500 nm with a peak at 350 nm. Using this oil and 3-pentanone in principle allows separate detection of the emission of oil and fuel.
IMAGING MEASUREMENTS
Imaging measurements were performed by placing the laser sheet horizontally just outside the engine's exhaust port, see figure 3a . The fluorescence signal emitted as the exhaust gases passed through the sheet was mirrored and imaged from above with a commercial Nikon camera lens (70 -210 mm zoom). If the imaging system had been placed in front of the port, the signal would have had to be viewed through the exhaust gases. Imaging from above avoids this and thus minimizes scattering and absorption of the signal.
The images were achieved by triggering the laser at a certain crank angle position and accumulating the LIF signal from 100 laser shots. This minimizes the effect of shot-to-shot fluctuations in laser power and fluctuations in the engine behavior.
Apart from HC the exhaust gases contain a number of species of which CO 2 and H 2 O are most abundant. CO 2 does not absorb at 248 nm and thus gives no contribution to the fluorescence [3] . Water fluorescence can, however, be induced via a two-photon transition at 124 nm (1/2 × 248 nm) [15] . This process is weak and a possible contribution from water will be negligible. N 2 , O 2 , and low levels of CO and NO x are also present, but neither of these species contribute to the fluorescence signal when using this laser [3] . NO can potentially interfere, but its absorption lies near the edge of the tuning range of the laser and is easily avoided. As it turns out, only the HC components of the emissions will give important contributions to the fluorescence signal.
DATA PROCESSING -Evaluation of the imaging measurements was performed by subtracting a background image from each image in the measuring series. The background image was acquired without the engine running.
RESULTS -Four examples of two-dimensional LIF images are shown in figures 4a-4d. The bottom of each image corresponds to the location of the exhaust port. The two images taken before bottom dead center (BDC) shows that the cup handle geometry gives a higher intensity peak at blowdown and has more fuel concentrated in the center of the port. After BDC the opposite trend is shown. Here the finger type geometry has much higher intensity and a much more uneven distribution of signal over the image. Images were acquired at several different crank angles. The average signal intensity within the image, confined by the edges of the laser sheet and the exhaust port, was calculated for all images acquired at various crank angle degrees. This area was 12 by 25 mm. When plotting the hereby achieved average fluorescence signal as a function of crank angle, a characteristic curve resulted.
A striking similarity between the two cylinder geometries investigated was the of two more or less pronounced peaks in signal intensity. The first peak occurred during the blowdown phase directly after the opening of the exhaust port, whereas the position of the second peak varied between the cylinder geometries. The first peak was believed to mainly contain burned gases and the second to consist of fresh fuel-air mixture. This interpretation was later confirmed by the spectral measurements. In figure 5 these typical curves are shown, where the solid curve is the result of measurements on the cup-handle type cylinder and the dashed curve is the result of the simpler finger geometry. Note that there is a delay of more than 10 CAD between the instant where the emissions leave the cylinder and the point where they reach the measurement region. This delay is due to the finite velocity of the exhaust gases, see figure 14 .
The absence of a sharp separation between the peaks for the finger-type engine is interpreted as an earlier beginning of the scavenging losses in comparison to the cup-handle engine, for which the second peak starts after the bottom dead center (BDC). This indicates that the cup-handle geometry is more efficient in retaining the fresh charge. If it is assumed that the course of combustion is the same in both cylinder geometries, the combustion products and emission temperature should be the same. As an effect, the first peak should be of equal height for both engines in figure 5 . As can be observed this is not the case. The difference in height can be explained by variations in laser power between the measurements and slight changes in the alignment of the experimental setup. It can, however, be concluded that the height of the second peak not only is higher in relation to the first peak for the finger-type cylinder (dashed curve in figure 5 ); it is also higher than the second peak for the cup-handle geometry (solid curve). Based on our assumptions it can be concluded that the absolute level of emissions of short-circuiting fuel is higher in the finger geometry than in the cup-handle geometry. This is also known from other types of measurements on these engines. Figure 6 shows the standard deviation of the LIF signal within individual images as a function of crank angle position. The standard deviation of all pixels within each image gives a measure of how much the signal level varies with respect to the mean intensity. It thus tells us how homogeneous the HC-distribution is across the imaged region1. It is observed that that the standard deviation is high during the blowdown phase for both engines, due to the exhaust gases being emitted in the form of a more or less well defined jet. During the scavenging phase the finger geometry is more inhomogenous than the cup-handle geometry. This is due to the presence of particles (droplets) which has also been observed in LDV measurements on these engines, see figure 15 . 1 The standard deviation used here should not be mistaken for the cycle to cycle variation of mean LIF intensity.
SPECTRAL MEASUREMENTS
As can be seen in figure 3b, the laser sheet was placed vertically outside the exhaust port during the spectral measurements. The fluorescence was mirrored in the same manner as during the imaging measurements. The slit of the spectrometer was placed parallel to the beam and the sheet was imaged on the slit by means of a 200 mm spherical, fused silica lens. Emission from the entire height of the sheet was thus imaged onto the spectrometer slit. This increased the signal level. Just as during the imaging measurements, the LIF signal from 100 laser shots were accumulated.
SIGNAL DETECTED -When the laser light passes through a gas it can be elastically scattered by molecules (Rayleigh scattering) or particles (Mie scattering). Due to the strong nature of these scattering processes at short wavelengths [2] , a peak at the laser wavelength in some cases dominates the spectrum and limits the sensitivity of the detection system if it is not spectrally filtered. Therefore a 10 mm thick liquid butyl acetate filter was placed in front of the detection system during all measurements. Butyl acetate has a steep cutoff between 250 nm and 260 nm [16] , thus suppressing the laser wavelength (248 nm) by two orders of magnitude.
The oil added to isooctane for lubrication was found to fluoresces between 300 nm and 500 nm with a peak at 350 nm. This is shifted from the wavelength interval in which 3-pentanone fluoresces. Hence a spectral separation of oil and short-circuiting fuel can be obtained. A separation between fresh fuel and partially burned fuel originating from the combustion can be found due to the very reactive nature of 3-pentanone. Fuel/air-mixture that has taken part in the high-pressure cycle will not contain any significant amount of 3-pentanone afterwards.
During the spectral measurements spectra were collected at various crank angles. A background spectrum was acquired without the engine running and subtracted. The resulting spectra had a wide peak around 350 nm and superposed on this a wide distribution around 430 nm. The feature at 350 nm consists to a great extent of oil and probably also of partially burned hydrocarbons [1] . The distribution around 430 nm originates from the added dopant, 3-pentanone, and indicates the occurrence of unburned fuel.
As predicted, spectra recorded at different crank angles reveal differences in the chemical composition of the emissions. Unfortunately the oil-and 3-pentanone features could not be fully resolved.
Spectra from the emission peak around 70 CAD before BDC are shown in figure 7a and spectra from the peak occurring around 70 CAD after BDC are shown in figure 7b . The data comes from the cup-handle type cylinder, running on two different fuel mixtures. Isooctane with a 5% (vol) concentration of 3-pentanone was used during one measuring series, a 2% content was used Figure 7b : Spectra recorded at 70 CAD after BDC (peak II in figure 5 ).
during the other. The upper (dotted) curves in figure  7a and 7b correspond to the higher concentration of 3-pentanone; whereas the lower (solid) curves correspond to the lower concentration. Diagram 7a shows almost no difference between the spectra. Diagram 7b, however, has a greater intensity around 430 nm in the case of higher 3-pentanone content. It can clearly be seen that the second emission peak contains a considerable amount of unburned fuel, whereas the first peak does not. Note that the peak at 248 nm is higher in figure 7a than in figure 7b . This is due to strong Mie-scattering of the laser wavelength from particles/droplets present in the exhaust gases. These particles can actually be seen in figure 4a . This conclusion is also confirmed by the LDV measurements, see figure 15 . RESULTS -The spectra from different crank angle positions were separated in to tree different regimes, called region A, B and C. Region A is ranging from 240 to 265 nm, and contains the Mie-scattering signal. Region B is the wavelength interval from 265-390 nm, i.e. mostly covering the LIF signal from oil and partially burned fuel. The last region, C, covers the signal from 3-pentanone and Figure 8 to 11 shows the intensity within the different regions as well as the total signal intensity for the two cylinders.
It can be seen that the Mie-scattering trend, region A, is rather similar for the two cylinders, except for the first blowdown peak found for the cup handle cylinder. The percentage of 3-pentanone does not change the trends significantly. Region B also reveals rather similar trends for the two geometries. Two distinct peaks can be observed. The first originates from the blowdown phase. The reasons for the second peak is less clear. It can be signal from fresh charge oil in combination with partially burned residuals.
Region C shows a significant difference between the two cylinders. Here the cup handle type also has two distinct peaks whereas the finger type has a continuous high level during the gas exchange process. The first peak for the cup handle geometry is somewhat unexpected. It was expected that signal would occur only late at the gas exchange where fresh gas is expected. The first peak can be the result of the tail of the spectral feature in region B, corresponding to oil and partially burned fuel. This tail reaches into region C, "leaking" information to this higher wavelength region. The higher level from the finger type indicates again that more short circuiting occurs in this cylinder. It can be noted that the signal level is increased with five per cent 3-pentanone compared to two per cent. This shows that the signal detected in this interval is mostly 3-pentanone.
As can be seen in the figures, the signal level continues to be high even after the closing of the exhaust port. This is due to the high working speed of the engine -the emissions do not have time to escape the measuring region before the next cycle begins and the exhaust port opens again.
VELOCITY MEASUREMENTS
In a former study on the two cylinder types, laser doppler velocimetry (LDV) was used to study the incylinder flow during gas exchange [17] . The same system has also been used to measure the flow outside the exhaust port. The measurement volume had the shape of an ellipsoid with a diameter of 0.1 mm and a length of approximately 7.5 mm. The system used was a DANTEC fiber-flow with BSA signal processors. More information on the system can be found in [17] .
The measurement volume was placed in the center of the exhaust port and traversed over the port height. 196588 samples of velocity and crank angle position were collected for four different heights. The average horizontal velocity can be found in figure 12 . The vertical component is lower and thus the velocity vector from both horizontal and vertical components has a shape similar to that of only the horizontal component, see figure 13 .
The mean velocity can be used to estimate the time delay between events occurring at the exhaust port and detection 300 mm outside the port. With the engine speed set to 9000 rpm the time delay can be expressed in crank angle degrees. Figure 14 shows that the delay is smallest during the blowdown phase, resulting from a high mean velocity. In the latter stages, the mean velocity is lower and a substantial delay exists between the port and the measurement location.
PARTICLE FLUX -The LDV system needs particles to scatter light from the beam crossing. In these experiments, no addition of special particles was necessary. A fairly high data rate could be achieved on the naturally occurring particles. It is believed that these particles mainly consist of unburned or partially burned lubricating oil. The fuel used during the LDV measurements was commercial gasoline with a 2% oil content. The highest peak of data rate occurs during the blowdown phase for both cylinders, see figure 15. This is somewhat surprising as charge escaping the cylinder during the blowdown phase has taken part in the combustion. Hence the oil should have been burned or at least evaporated. This is not the case. The latter peak in particle flux most likely originates from gas exchange short circuiting of fresh charge from transfer ports to exhaust port. The data rate from LDV is, however, only a very crude estimate on droplet flux. LDV is very sensitive to particle size and velocity bias [18] can play a major role. Despite these uncertainties some information can be obtained from the data rate. Figure 15 shows that the cup-handle transfer channels have a lower secondary peak compared to the finger type. This is in agreement with the LIF measurements of the fuel concentration at the same location. The phasing between LIF and LDV data is, however, not the same. The second peak shows up later with LDV, than it does with LIF. This difference can be the result of several differences between the LDV and LIF measurements. The most important of these is the phase detected. LDV detects only the presence of particles. LIF on the other hand, detects a signal from both liquid and gas phase.
DISCUSSION
The results presented shows that LIF can be used to obtain information on the gas exchange process for high speed two-stroke engines. The imaging results are very similar to the spectral and an agreement can be found between Mie measurements with LIF and data rate detected with LDV.
There are, however, clear limitations. No attempt to calibrate the LIF signal levels to concentration of HC was performed. This can be a major difficulty as the temperature of the exhaust gas will change significantly during the cycle. This means that we still must investigate how to relate the signal detected at the blowdown phase to that of the later second intensity peak.
The overall LIF signal as a function of crank angle position is shown in both figure 5, which comes from the imaging measurements, and figure 8a-b, which comes from the spectral measurements. These curves should in theory be identical. The reason why they differ from each other is explained by interferences from C 2 . During the imaging measurements the laser sheet was so tightly focused that the laser flux was sufficient to dissociate hydrocarbons and produce excited C 2 radicals [3] . During the spectral measurements these interferences were avoided by using a non focused laser sheet. However, a correlation between the strength of the C 2 fluorescence and the Mie scattering was observed. When the focusing lens was removed, the C 2 interference disappeared and the Mie scattering was enhanced. There is thus a possibility that C 2 fluorescence can be used for detecting the presence of fuel droplets.
CONCLUSIONS
Cycle resolved LIF measurements have been performed on simple, carbureted two-stroke engines working at 9000 rpm. There are two phases in the exhaust process of these engines. During the first phase combustion products are emitted, whereas fresh fuel is emitted during the second phase. This is due to fresh fuel-air mixture short circuiting the cylinder during the scavenging process. Two transfer channel configurations were investigated; one of finger type and one of cup-handle type. In the cup-handle case the two phases can be clearly separated, whereas for the finger-type cylinder there is an overlap between the phases. It has been shown that the finger geometry is less efficient in retaining the fresh charge in the cylinder than the cup-handle geometry.
